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ABSTRACT 

Spectral lines in the 10 keV to 10 MeV range carry 
information of fundamtjntal importance on many of the objects 
discussed at this workshop. Since the lines are directly re- 
lated to specific physical processes this information is model 
independent and gives the physical conditions in the objects. 

At the sensitivities achieved to date, 10“" to 10“^ ph/cm"'- 
sec for steady sources and 'v- 10“^ to 1 ph/cm^-sec for transient 
sources, lines have been detected from the galactic center, 
gamma-ray bursts and transients, X-ray pulsators, the Crab 
pulsar and solar flares. Future instruments with a factor 
of 100 sensitivity improvement will allow detailed spectro- 
scopic study of these classes of objects as well a.s supernova 
remnants, active galaxies and the interstellar medium. This 
sensitivity improvement can be obtained through the use of 
detector technology already proven in balloon and satellite 
instruments . 

I. INTRODUCTION 

Observations of spectral lines in the high energy range, 

10 keV to 10 MeV, are directly related to the understanding of 
many of the classes of objects discusses at this workshop. 
Neutron stars, black holes, supernova remnants, the inter- 
stellar medium, the galactic nucleus and active galactic 
nuclei are known or pi'edicted to be sources of spectral lines 
which can be studied with high-energy spectroscopy. Line 
forming processes with photon energies above 10 keV are a 
natural consequence of the > 10®K temperatures and > 10*^ 
gauss fields which occur in or near these objects. The lines 
are due to electron-positron annihilation, cyclotron processes, 
radioactive decay, and nuclear deexcitation following inelastic 
collison or neutron capture. Since the lines are d i rectly 
related to specific physical processes, they carry model- 
independent information on the physical conditions in the 
objects: temperature, density, bulk motion, abundance of 
isotopic species, the state of matter, the energy spectrum 
of particles and the ma.ss of a central object. This infor?na- 
tion can be used to guide theoretical modeling and provide 
critical tests of models in order that the nature of the 
objects may be determined. 
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The major cliificulty in the development of the field of 
high ('norgy spectroscopy has boon the attainment of sufficient 
sensitivity. The early predictions by Morrison (1958) indicated 
line fluxes greater than 10“^ ph/cm^-sec from steady sources. 
However, the strongest steady sources have now been observed 
to have fluxec of 10“^ ph/cm^-sec and so their detection has 
only been possible with the improved instruments available in 
the last few years. Lines have now been detected in at least 41 
different objects representing 6 classes of astrophysical phenomena. 
These include 9 impulsive solar flares (Chupp 1981) and 27 
gamma-ray bursts (Mazets £t al^. 1981) where line features are 
characteristic rather than exceptional. 


In this paper I review the line forming processes, the 
physical information carried by the linos and their energy 
distribution and expected widths. Then the observed and pre- 
dicted fluxes are used to derive the instrumental sensitivities 
required for effective future observations. Finally, instru- 
ment concepts which can achieve these sensitivities are pre- 
sented. 

II. PHYSICAL PROCESSES OF 10 keV TO 10 MeV LINE FORMATION 

In systems with effective temj)eratures greater than 
10®K and/or magnetic fields greater than 10*’ gauss line 
omission above 10 keV will occur by several processes. These 
have been reviewed by Ramaty (1978), Ramaty and Lingenfelter 
(1979) and Ramaty et (1981). 

a) Cyclotron Processes 

Cyclotron linos result from transitions between the 
Landau levels of electrons in strong magnetic fields. The 
'v50 keV line in the binary X-ray pulsator Her X-1 is inter- 
preted as due to either cyclotron absorption or emission and 
indicates a field of v,5 x 10*^ gauss (Trumper et 1978). 

The shift of the line energy with phase of tlie 1.24 sec 
pulsation (Gruber et al_. 1980) is apparently due to beamed 
emission from different field regions being responsible for 
the pulsed emission. Cyclotron absorption has been observed 
at 20 keV in the transient binary X-ray pulsator 4U0115+63, 
requiring a field of 2 x 10*^ gauss (Wheaton ad. 1980). 

Tlie 50 keV absorption features observed in gamma-ray bursts 
have been interpret ed as due to cyclotron processes indicating 
that highly magnetized neuti’on stars are the site of the bursts 
(Mazets et al^. 1981 ) . Since the cyclotron line width is a 
sensitive function of the magnetic field geometry (Bussard 
1980), future higli sensitivity spectroscopic observations will 
determine the magnetic field structure in the emission regions 
of all tl'.ese objf'cts and its temporal evolution in the case of 
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gamma-rpy bursts. A sensitive search for cylotron lines in 
X-ray bursters and galactic bulge sources could establish 
whether these objects contain highly magnet izeu neutron 
stars and determine their relationship to X-ray pulsators 
and gamma-ray bursts (Lamb 1981). 

b) Eleclrcn-Positron Annihilation 

Positrons are produced by pair production, inelastic 
collisions and radioactive decay of nucleosynthesis products. 
Since the 511.003 keV annihilation quanta have an exactly 
known energy in the rest frame, spectroscopic observations 
can provide a great deal of inform'- lior. . Line broadening 
would indicate the temperature and/or Keplorian or radial 
motion of the annihilation site. When positron lifetime 
information exists the line width could be used to determine 
the density of the position slowing down region as well as 
limit the mass of a central object. A line centroid shift 
would indicate a gravitational redshift or a Doppler red- or 
blucshift. Figure 1 shows the galactic center 511 keV line 
measured by PEAO-3 (Riegler e_t al. 1981). The 2.5 keV limit 
on the line width and observation of variability in 6 months 
require T < 7 x 10** K and a central mass < 2 x 10 ''M©. A 
remarkable feature of the galactic cent--r annihilation radia- 
tion is that its luminosity, 5 x 10' ' erg/sec, is a factor 
of 200 greater than that of the i-rightest 1-4 keV source in 
the GCX coniplc!X (Watson e;t aj , 1981). Further theoretical and 
observational study of the annihilation radj,... ion will be 
crucial to the understanding of che galactic nucleus. 

The rodshifted annihilation lines seen in the spectra of 
gaiTima-ray bursts at 400 keV can obtain up to 10 percent of 
the burst energy and can vary on shorter time scales than the 
total luminosity (Mar.ets aJ. . 1981) Ramaty et al. (1980) 
have interpreted the 400 keV line in the 5 March K*79 burst 
as due tO annihilation of po.sitrons produced by pair production 
in the radiation dominated, high temperature atmosphere of a 
neutron star which is heated to T lO’K and magnetically 
confined. Confinement is necessary to produce gravitationa t ly 
redshilted rather than Doppler blueshifted annihilation radia- 
tion . 


Pair production should occur when a radiation field's 
characteristic temperature exceeds lO^K. Since this is 
observed to occur in accretion fueled emission near black 
holes such as Cyg X-1 and tho.se thought to exist at the 
centers of acta.ve galaxies, these objects should be sources 
of 511 keV photons (Lightman 1981). Observations of this 
radiation would significantly aid models of those objects 
and improve the understanding of their relationship to the 
galactic nucleus. 
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c) Radioactive Decay 

Gamma-ray lines are predicted to be produced by the radio- 
active decay of the products of explosive nucleosynthesis 
events in supernovae and novae (Clayton 1980, Woosley and 
Axelrod 1980). Although none of these lines has been dis- 
covered, the predicted fluxes are within the sensitivity of 
future instruments based on today's techniques. Since the 
gamma-rays' flux directly indicates the abundance of the rele- 
vant isotope, the abundance of synthesized material may be 
measured in a model independent manner. In contrast, the inter- 
pretation of atomic lines in the few keV range to determine abun- 
dances in an expanding supernova remnant is a model dependent 
procedure made particulary difficult since thermodynamic 
equilibrium does nc c occur. Earlier at this workshop Shull 
(1981) described these difficulties and the resulting large 
uncertj. inties in elemented abundances. 

Gamma-ray lines can provide additonal important informa- 
tion. Used as tracers they can identify the positioiis of the 
galactic supernovae which have occurred in the past 'V' 300 
years This does not appear to be possible in any other 
wavelength band. The Doppler broadening of the lines 
give tlie expansion velocity of the core ot the supernova 
remnant, not the velocit> of the shock-heated outer envelope 
which is measured optically. Ratios of gamma-ray lines give 
the density of the envelope which overlays the synthesized 
material (Clayton 1974). Long lived isotopes indicate the 
total rate and sites of galactic nucleosynthesis over the 
last 10** years. These observations would provide detailed 
tests of the highly developed models of supernova and nova 
explo.sions and make the study of young galactic supernova 
available to other wavelength ranges. 

d) Nuclear Deexcitation 

Gamma-ray line production by nuclear deexcitation is 
expected whenever the particle energies exceed the threshold 
for nuclear reactions, typically a fe • MeV. The expected 
nuclear gainma-ray emissivities for temperatures in the 
10'*-10‘^K range hav*^ been calculated by Higdon and Lingen- 
felter (1977), Ramaty ^ (1979) and Ramaty et al . 

(1981). Since several hundred MeV/nuclcon must be released 
*n accretion onto a neutron star, it is expected that nuclear 
reactions should be a significant process near these objects. 
Neutrons would be produced by many of the reactions and inter- 
act themselves by -.'’astic scattering and neutron capture. 

The result of all t'ie.>e reactions would be excited nuclei 
v’hich would produce characteristic nuclear gamma-rays. These 
indicate the composition of *.e medium as well as the energy 
spectrum of the fast particles. Line widths indicate the 
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state of matter since larpe Doppl'?r broadeninpc occurs * .» lines 
from an ambient Ras while small broadening occurs in dust and 
solids. Particle beaming results in a Doppler shitt of the 
line energy due to the recoil of the excited nuclei. A 
gravitational redshift indicates the M/U value of the central 
ob.iect. Since the neutron thormalizai ion time is density 
dependent, the time delay oJ neutron capture gamma-rays indi- 
cates tlu' ambient density. 

Nuc‘’''or gamira-rays have been observ('d in the 19 November 
1978 gamma- ray »)urst at 740 keV , presumably due to gravita- 
tionally r(‘d.sh i iteri S47 keV gamma-rays from the first excited 
state of ^‘'Fe (Teegarden and Cline 1980). The 20-minute 
transient ol>.-5erved or 10 June 1974 1 rom a balloon had a spec- 
* rum that consisted of four intense' line's (Jacobson ct al. 
1978). Lingenfolter ef. ill- (1078) have i nt I'rpn' i ('d this 
ev('nt as due to episodic- accretion onto a pc'Utron star rc- 
s;ulting in gruvi t al i ona 1 1 y rc'dshifted ( /. - .20 to .29) lines 
du(' to c'l ('Ct rop-posi t ron annihilation (511 '413 keV) and nc'utron 
capture? by hydrogen (2223 '1790 kC'V ) and iron (7039 '5946 keV ) 
as \U‘l 1 as a non-rc'dsh i f ted line' duo to m>utron capture by 
hydrogt'n (2223 k(*V ) . 

Nuclear g- mma- rays , as well as the elect rcui-nosit ron 
annihilation line. l»a\t also l->c'c'n observed in scalar flares 
wh('r«' proteins are accelt'rated 1 .several liumired MeV/nuelc'on 
and produei' excited nuclei in the solar atmc'splu're by im'lastic 
e.\cita(icu> and nc'Ut ron i-apt ure (('liupp et a_l_ 1073. Hudson ^ 
al . 1980). Recc'ntly the 8MM ('jainma-llay 8pc'ct roinet er ha.s de- 

Tected lines from 0 flare.s and the interpretation of these 
resu 1 1 -s indicaie that c' lee irons and ions ;ire accel c>ra t('d 
si mu 1 1 anei ns 1 y durin.-; the- imjMilsive piiase of the tlare and 
that this occurs c'Vi-n in relatively small inipul.sivi' llart's 
(Thupi) 1981). 


Nuclear g.amrna- ray s irc' predic'tcJ. to* bc' product'd in Ihc 
i nt ('".s t el 1 a r modinm due to the i n1 ei'ait i (uis of (-(-isini c-rays 
and t hf' ambit'iU medium. Kamaty et al . (1979) have calculatc-d 
the lino i nt (uis i t i I's and widths under varic-uis a.ssumplinns of 
ccmiposition and ('osnuc-ray (Uiergy . The ratios of the fluxt-s 
of various gar'.ma-ray lines 's a si'iisitivc' function of cosmic- 
ray energy at c'nergio.s Ic'ss Ilian ^ 100 .MeV/mic l('on . In 
addition, t lu' liiu's indicate t lu' sp.it ial distribution and 
comptvsi t i on of thi' i nt c'rst c'l lai- dust and gas. Figure 2 shr>ws 
the jirc'di ctc'd gamma- ray spectrum from the direction ol the 
galactic center. The' intensities and widths of tlu^so lines 
carry detailed information on 13 nuclides and the low-enci'gy 
cosmic- ray spectrum. 
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. I. LINE ENF.KC.IES AND WIDTHS 

Thv; onorgy distribution i>f the linos duo to the processes 
described abov'o are shown in Figure 3. Cyclotron lines occur 
in the 10 kt?V to 100 keV range, but could occur at higher 
energies if the ma notic fi('ld excet‘ds 10^^ gaus:; Fieclron- 
positron annihilation lines occur in the 400 to 511 keV 
range and radioactive decay lines extt'nd I'ror.i 10 k<*V up 
to a few McV. Nuclear lines due to inelastic excitation 
occur in t lie 300 keV to ^ 10 MeV range and neutron 0'*^ lure 
lines occur from - 2 ileV to - 10 McV. Also indicated in 
Figure 3 are the processes and line energies that have been 
ob.served or predicted in various objects'. These lines span 
the entire 10 keV to 10 MeV range and it is clear that sp<‘c- 
troscopii' observations over the entire range are required 
to study these objects. 

The width.s of the various linos are shown in Figure 4. 

The distinction between resolved and non-resolved lines is 
important. When the lire i.s r<-solved. i it.s profile is 
ii'.easured. much addi>ionul inlormation i.s obtairv ’ The 
iiidic.iti'd width of non-i ‘solved lint's is an upper limit 
which r<*sults from low st.it islical sign i f i canct* and/or tht» 
inability to t itnc-resol vc u variable .source. Also ^hov.n 
in Figure 4 are the energy resoluttop of Nal and Ge . The.se 
indicate that Nal is incap. bit' of dt tennining the width td 
most <.>f the lines while Ge ould do ll’.i.s for nearly all of 
them. Tl'.us Ge detectors are required lor spectroscopic 
ohservat i t'ns in thv' 10 keV to 10 MoV range . Small Ugl , 
detectors are now available and in the future they mayalso 
be suitable (Richt'r 1981). 

IV. HEQUIKKD INSTRl'MENT SENSITIVITY FOR FUTURE OBSERVATIONS 

Tlu' requirt'd line sensitivity for effective spectroscopic 
studies can bo dt'ternnned from a considerat ion of the line fluxes 
of the o!>.iect.s dt'tcotcd to date. Thest' are indicated in Fig- 
ure 5. Bt'cause of the short tluration of the gamma-ray bursts 
only very intt'nse r luxes, 1 ph/cm'-sec, have been ob.sc'rvcd 
from them. Somewhat weaker fluxes. .01-1 ph/cm‘-sec, have 
been obst'i'ved from st>]ar flare.s and the 20-miiuite transit'ni 
detected from a balloon. The galactic center. X-ray pulsa- 
lors, and the Oral) pulsar prt>duce quasi-steau.N linos in the 
1 to 4 X 10“' ph/cm‘-soc range. All these fluxes have boon 
near the instrumental sensitivity limits so detections have 
typically been in the 3 to 10a range. Although these have 
indicated the e.vi.dt'nco and flnx of the lino.s, they i^ave 
usually not given det.ails on the lines’ temporal behavior, 
width and exact eni'i'gy. 
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Also shown in Figure 5 are the instrument sensitivities 
achieved to date and those required for future instruments. 

The HEAO-3 instrument (Mahoney et al. 1980) used 4 large 
coaxial Go detectors in an instrument optimized at 1 MeV. 
Below ^ 60 keV the instrument was cut off due to detector 
dead layers. The sensitivity varied from 10”'' to 10~^ 
ph/cm^-^.ec, depi*nding on energy. Since HFAO-3 was a scanning 
spacecraft, 30 dnys were required to observe a source dur- 
ing which - 100 hours of effectiv.* time on a point .source 
occurred. The sensitivity that pre.sent balloon instruments 
which are optimized at 1 MeV can obtain in a single balloon 
flight (not shown in Figure 5) is a factor of 2 worse than 
that of HKAO-3. Th(' sensitivity of present balloon instru- 
ments which ai'(‘ optimized at 60 keV , also shown in Figurt* 5. 
is 2 X 10" ^ ph/cm"^ -sec at 60 kcV. Balloon instruments planned 
fi.r the next 5 years will have a ictor of “v 4 improvement 
over thi.s sensit;vity. 

Gamma-ray limns hav<* bet^n observed f ro..i all the objects 
indicattd in Figure 6 whii-h hav(> a flux ' 1C~’ ph/cm*-sec. 
Jlowi'vei . the number of ebi;ervat i ons have bi'on restricted to 
only tlu‘ brightest <d)jects in eacli class and thert*fore the 
sci<‘ntific rt'su 1 1 s have btsMi limited. The pri'dictcd fluxe-s 
from galav tic supernovae are - 10" '' ph/cm -sec, just below 
jiresent s<'nsi t iv 1 1 i es . However, the predicted fluxes frojn 
ext ragal act ic supernovae and tiie interstellar im.dium are a 
factor >10 lower, in the 3 .\ to 7 x 10"' ph/cm‘-sec range. 

From t lies*' consider.it ions of source fluxes one concludes 
that the potential ol high en*Mgy spect roscopy will be realized 
when two basi<' conditions are f ul f i 1 li'd : 

1. A sensitivity of 10"‘ to 10"^ ph/cm‘-.sec is achieved 
for (quasi-) steadv source.s and 10"** to 10“’ ph/cm -sec for 
transient souiu-es. This will allow the measuremiMit of the 
predicted lines from galactic and extragalact ic supernovae 

as well as the interstellar medium. It will also assure that 
(K't aisled studie.s of lines will be performed on objects W' 10 
tir.Ks taint er than have been detected to date ami that line 
leatures will be detected in object.s that are v loO times 
fainter than those iletectetl to date. 

2. Observations are conducted from space and in missions 
with year.s I't duration. Thi.s will assure that a large number 

. { objects are studit'd in order to learn their class properties 
as well as discover line emission from unsuspected sources. 
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The following examples indicated illustrate these 
requirements. The gamma-ray burst in which Teegarden and 
Cline (1980) detected redshifted line emission from ^^Fe at 
3.5a significance had a total energy flux of 3 x 10“** erg/ 
sec. Since bursts of this intensity occur only once/year 
(Jennings and White 1980) both greater sensitivity and years 
of observation are required to obtain high quality spectro- 
scopic data on a large number of gamma-ray bursts. At 100 times 
better sensitivity > 20a detections of the 847 keV Fe line 
would be expected in 10 to 20 bursts per year and detailed 
analysis could be performed on the class of gamma-ray burst 
sources. Similar considerations apply to steady sourc's. 

For example, the pulse-phase resolved study ot the Her X-1 
cyclotron line requires ^ 10 times the present sensitivity 
and the opportunity to observe the entire 35-day cycle of 
Her X-1. A similar study of the 'v- 100 galactic objects 
brighter than a few UFU requires an additional factor of 
'V' 10 sensitivity improvement. 

V. CONCEPTS FOR FUTURE SPECTROSCOPY INSTRUMENTS 

The sensitivity requii'ements developed above can be 
fulfilled by a combination of three instruments which are 
based on technology used in today *.s balloon and satellite 
i nstrument.s . Each instrument is optimized for a specific 
energy range and field of view. All the detectors would 
be germanium since it is capable ol resolving nearly all 
the expected lines and is .available today in large volume 
geometries, 'c 150 cm*. The objt'cts for which the instru- 
ments ar<? suited, their physical parameters and sensitivities 
a ' giv<-n in Tabl<' I. The sensitivities <jf the instrument.s 
: also indicated in Figure 5. 

Instrument (1) is for the study of (quasi-) steady 
sourr .s of lines in the 10 keV to 'c oOO keV range. Optimum 
sensitivitj' would occur at 'v- 60 keV. A field of view of a 
few degrees would be provided by a passive collimat jr in 
order to reduce background and source confusion, i lanar 
detectors would provide 40 times the collecting area of 
pre.sent instruments, an energy resolution of ^ 1 keV and 
minimum background. 

Instrument (2) ;s for the study of transient sources. 

It would c< vc-r the 10 keV to 10 MeV energy band and observe 
the cr.'ii'e sky. Since detector volume determines sensitivity 
above a few hunced keV, the volume w'ould be 60 times that 
of tne Teegarden and Cline (1980) detector. Unshielded co- 
axial defectors would be used in order to have good sensitiv- 
ity above a few hundred keV. 
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Instrument (3) is for the study of (quasi-) steady sources 
of lines in the 100 keV to 10 MeV range. Optimum sensitivity 
would occur at a few MeV. The detector volume is 25 times that 
of HEAO-3 and very long observing times, ‘v 200 days, would be 
required to reach the desired sensitivity. Because of this, 
a wide field of view, 40°, with a coded aperture would be 
required to observe an acceptable number of objects during 
a several year mission. Heavily shielded coaxial detectors 
would be used in order to have minimum background and good 
sensitivity at the highest energies. 

All the instruments would require cooling of the detectors 
to % 90K. On HEAO-3 this was done with a solid cryogen refrig- 
erator with lifetime of only 6 months. Mechanical refrig- 
erators have also been used for germanium detector cooling in 
space (Nakano and Imhoff 1978) , but have had problems with 
reduced efficiency in extended life also caused microphonic 
noise in the detector signal. The problems with mechanical 
refrigerators can *»e solved with a modest development program 
and in the 1990 's they will be the preferred method of achieving 
th'^ required detector temperatures. 

Radiation damage wa.s a problem with the p-type HEAO-3 
detectors (Mahoney et 19^1). However, the n-type detectors 

which are ’ w commercially available are unaffected by radiation 
damage in a low earth orbit. These detectors also have a negli- 
gible dead layer, so they op'^rate from < 10 keV to > 10 MeV. 

VI. CONCLUSION 

F'On’- ' observations of spc tral lines in the 10 keV to 
10 MeV range ^ill be of fundamental importance in our under- 
standing of a wide variety of object.s and phenomena which have 
been discussed at this workshop. These include neutron stars 
and black h<^ les and processes near them, explosive nucleosyn- 
thesis and supernova remnants, solar flares, the interstellar 
med: m, the galactic center and active galactic nuclei. Spectral 
lines have already been detected from many of these by the mod- 
est instruments that have been used to date. These have achieved 
a sensitivity of lO"** to 10"^ ph/cm^-sec for steady sources and 
10“^ to 1 ph/cm^-sec for transient sources. The instrument 
concepts presented here woula achieve a factor of 100 sensitiv- 
ity improvement, allowing detail study of many objects. Since 
the lines are directly related to specific physical processes, 
model independent information on the physical conditions in the 
objects results and the class properties and nature cf the objects 
can be determined. 
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The instruraont concepts are based on detector technology 
that has already l)een developed for balloon and satellite instru- 
ments. Instruments using these concepts would easily be accom- 
modated by a Shuttle-launched Explorer mission in the 1990's. 
Since the scientific return from such a mission would be both 
large and relevant to a wide variety of problems in high energy 
astrophysics it should be given the highest priority in the 
planning of future space missions. 



559 


ORIGINAL PAGE (S 
OF POOR QUALITY 

REFERENCES 

Bussard, R.W. 1980, Ap. J. , 237 , 970. 

Chupp, E.L., Forrest, D. J. , Iligbie, P.R., Suri, A.N., Tsai, C. , 
and Dunphy, P.P. 1973, Nature, 241 , 333. 


Chupp, E.L., 1981, "Solar Energetic Photon Transients (50 keV- 
100 MeV)", in Gamma-Ray Transients and Related Astropliysical 
Phenomena, ed. R.E. Lingenfelter , H. Hudson and D. Worrall 
(New York: AIP) p. 363, in press. 

Clayton, D.D. 1974, Ap. J. , 108 , 155. 


Clayton, D.D. 1980, "Cosmic Radioactivity: A Gamma-Ray Search 
for the Origins of Atomic Nuclei", Max-Planck Institute fur 
Kernphysik, Heidelberg, MPT H-1980-V8. 

Gruber, D.E. , Matteson, J.L., Nolan, F.P. , Knight, F.K., Baity, 
W.A., Rothschild, R.E., Peterson, L.E., Hoffman, J.A., Scheep- 
maker. A., Wheaton, W.A., Primini , F..A., Levine, A.M. , and 
Lewin, W.H.G. 1980, Ap. J. (, Letters), 240 , L127. 

Higdon, J.C. and Lingenfelter, R.E. 1981, Ap. J. (Letters), 215 
L53. 

Hudson, H.S., Bai , T. , Gruber, D.E., Matteson, J., Nolan, P.L., 
and Peterson, L.E. 1980, Ap. J. (Letters), 236 , L91. 

Jacobson, A.S., Ling, J.C., Mahoney, W.A., and Willet, J.B. 

1978, in Gamma-Ray Spectroscopy in Astrophysics, ed. T.L. 

Cline and R. Ramaly (N.ASA TM-79619), p. 228. 

Lamb, D.Q. 1981, this proceedings. 

Lightman, A. 1981, this proceedings. 

Lingenfelter, R.E. , Higdon, J.C., and Ramaty, R. 1978, in Gamma- 
Ray Spectroscopy in Astrophysics, ed. T.L. Cline and R. Ramaty, 
(NASA TM-79619), p. 252. 

Mahoney, W.A. , Ling, J.C., Jacobson, A.S., and Tapphorn, R.M. 
1980, Nucl. Inst, and Meth., 1^, 363. 

Mahoney, W.A., Ling, J.C., and Jacobson, A.S. 1981, JPL preprint, 
to be published in Nuclear Instruments and Methods. 

Mazets, E.P., Golem tskii, S.V., Aptekar', R.L., Gur'yan, Yu. A., 
and Il'inskii, V.N. 1981, Nature, 290 , 378. 



ORIGINAL PAj£ 

OF POOR QUALITY 


Morrison, P. 1958, Nuovo Cimento, 7, 858. 

Nakano, G.H. and Imhoff, W.L. 1978, in Gamma-Ray Spectroscopy 
in Astrophysics, ed. T.L. Cline and R. Ramaty (NASA TM-79616), 
p. 529. 

Ramaty, R. 1978, in Gamma-Ray Spectroscopy in Astrophysics, 
ed. T.L. Cline and R. Ramaty (NASA TM-79619), p. 6. 

Ramaty, R. , Bonazzola, S. , Cline, T.L. , Kazanas, D. , Meszaros, P 
and Lingenfelter , R.E. 1980, Nature, 387 , 122. 

Ramaty, R. , Kozlovsky, B. , and Lingenfelter, R.E. 1979, Ap. J. 
Supplement, 487. 

Ramaty, R , and Lingenfelter, R.E. 1979, Nature, 278 , 127. 

Ramaty, R. , Lingenfelter, R.E., and Kozlovsky, B. 1981, "Gamma- 
Ray Lines from Solar Flares and Cosmic Transients", in Gamma- 
Ray Transients and Related Astrophysical Phenomena, ed. 

R. Lingenfelter, H. Hudson and D. Worrall, (New York: AIP), 
p. 211, in press. 

Ricker, G. 1981, this proceedings. 

Riegler, G.R., Ling, J.C., Mahoney, Vi. A., Wheaton, Vi. A., 

Willet, J.B., Jacobson, A.S., and Prince, T. 1981, 

Ap. J. (Letters), 248 , L13. 


Shull, M. 1981, this proceedings. 

Teegarden, B.J. and Cline, T.L. 1980, Ap. J. (Letters), 236 , L67 


Trumper, J., Piotsch, Vi., Reppin, C. , Vr ges , Vi,, Staubert , R. , 
and Kendziorra, E. 1978, Ap. J. (letters), 219 , L105. 

Watson, M.G., Willingale , R. , Grindlay, J.E., ar.d Hertz, P. 
1981, preprint, Center for Astrophysics, to be pub? ished 
in Ap J., 1 November 1981. 

Wheaton, Vi. A., Doty, J.P., Prii.iin , F.A., Cooke, B.A., Dob- 
son, C.A., v-jldman. A., Hecht , M. , Hoffman, J.A., Howe 
S.K., Scheepmaker, A., Tsiang, E.Y., Lewin, W.r.G., 

Matteson, J.L., G uber, D.E., Baity, Vi.. A., Rothschild, 

R.E., Knight, F.K., Nolan, P. , an' Peterson, L.E, 1979, 
Nature, 282 , 240- 


Woosley, S.E., Axelrod, T.S., and Weav(r, T.A. 1980, Ire- 
print UCRL-o5118, to be published in N> lear Particle 
Physics . 



561 


OF POOR 


TABLE I 

III6H-LNER6Y SPECTROSCOPY INSTR'JMNTS FOR THE 1990's 


Objcct/Phehohujon 


Detector 


Sensitivity 


1. X-Ray Pulsator 
Pulsar 
Supernova 
Galactic Center 
Active Galactic Nucleus 
Black Hole 


2000 CM* X 1.5 cm thick 
Planar 6e array 
Few ® FOV 

Up to 30 DAY 03SERVATI0H 
10 TO GOO keV 


3x10'® ph/ch*-sec a 60 keV, 

3x10'*' ph/cm -sec 2 511 keV. 

Spectra or > 1 UFU source. 

Phase resolved spectra for 
> 10 UFU SOURCES. 

Discover young galactic 
supernova via >-ray lines 
< 600 keV. 

Discover 511 keV emission 
from active gcj-actic nuclei. 


2. Gw‘.ma-Ray burst (5 sec) 2000 cm" Ge coax aeray 
Gai-.'.a-Ray Tba?;s'.eht (20 min) > 2Tl'F0V 
Solar Flare (?0 r.u;) 10 keV to 10 I'.cV 


Just detect Fe line in 3x10'® 
erg/cm* burst (~-150/yr). 

Detect Fe line 3 "203*i« '2x10 ® 
erg/ch* burst (•^20/yr). 

10'* ph/ch*-scc 3 I “ieV for a 
20 min event . 

Detect the 20 mu transient's lines 

a‘^60<TAND STRONG SOLAR FLARE'S 
LINES a ' 309CT. 


3. Supernova 

Interstellar (‘edium 
Search for UNsu3‘'rcTED 
Sources of Gakia-Ray 
Lines 


10,000 cit* Ge coax array 

•^ 90 ° rov 

•^1® POSITION DETER.MINATION 

Sensitive to point and 

DIFFUSE SOURCES 

200-day oDSERVAnou 

100 keV to 10 F.iV 


"^SxlO'® ph/cm*-sec a 1 HcV. 
Measure > 100 keV gamha-rav 

LINES FROM GALACTIC AND 
EXTRAGALACTIC SUPERNOVAE. 

Measure and kap the interstellar 

GAFWUV-RAY LINES. 

Discover unsuspected sources or 

GAMMA-RAY LINES. 
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490 500 510 520 530 



Fi^^uro 1. The spectrum of the cent<?r region measured 

by HEAO-3 in Scpt/Oct l‘JV9 (Ricgler et aj.. 1981). The 511 keV 
eloct),;on-posi tron annihilation line flux, (1.8 + .2) x 10 
ph/cm'-sec, was found to be a factor of 3 lower when KEAO-3 
reobserved the galactic center 6 months later. The observed 
line width is due to the 2.7 keV FWHM energy resolution of the 
deti'ctors. These data constrain the galactic center line width 
to less than 2.5 keV (lo) and 3. A keV (2o). 




aux (PHOTONS CM SEC RAO MeV ) 
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F. f^ure 2. Tho procliclcd spoctrum of gamma-ray lines and 
bronisstrahlung from the Jirection of the galactic center 
(Ramaty a_]^. 1979, Figure 30). Narrow lines are due to 
the o.Kcilation of nuclei in grain.s and wide lines are due to 
the ('xcitation of nuclei in gas. The short lifetime of the 
4.438 MeV level of ^C, 5 x 10 sec, results in a broad lin< 
at l^his ent;rgy in both cases. The fluxes are typically 
"vlo” ’ph/cm"-see-rad , a factor of ''20 below the best sensitivity 
achi('ved to date, but within the c'apabi lities of the future 
instrument.*; discussed in this paper. 
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PROCESS 

C - Cyclotron Transition - 
A - Positron Annihilation- 

R - Radioactive Decay 

E - Nuclear Excitation — 
N - Neutron Capture 


Energy Distribution of High-Energy lines 

Log Energy (keV) 
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Figure 3. The energy distribution of l?nes produced by the 
processes discussed in the text. Also shown are the processes 
and energies of lines observed and predicted in a variety of 
astronomical ob.iocts. 
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Figure 4. The widths of lines produced by the processes 
discussed in the text. The plotted width of a detected, but 
not resolvu'd line is an upp-er limit to the lino's true width. 
The energy resolution of Ge and Nal detectors are also plotted. 
It is obvious that Ge is required for dotaMod studies which 
measure the v'idths and profiles of lines. The processe.s and 
sources of the lines arc indicated by the notatio:; X,Y, where 
X = process and Y = source, as given below. 

Process Source 


C 

A 

R 

E 

N 


Cyclotron 

GC 

Galactic center 

Elect ron-posi vron 

GUB 

Gamma- ray burst 

annihl 1 at ion 

GRT 

20-mi n gamma-ray transien 

Radioactive decay 


observed from a balloon 

Inelastic excitation 

SF 

Solar flare 

of *l('i 

ISM 

Interstellar medium 

Nou ron capture 

SNR 

Supernova remnant, l.c. 
explosive nuc Itjo.synthesis 


XRP 

pul sat or 


CP 

Crab pulsar 
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Figui'e 5. The intensities of high-energy lines. The most 
intense lines of each class of object are plotted. Also plotted 
are the .sensitivities of several instruments. 

(a) KEAO-3: 400 cm^ coaxial Go detector array, 30-days of 

scanning observation. 2 

(b) Present balloon instrument; 50 cm Ge detector array, 

6 hour pointed observation. 

(c) Future space instrument: Instrument (1) from the text, 

2000 cm^ planar Ge array, 30-day pointed observation. 

(d) Future space instrumeot;- Instrumi'nt (3) from the text, 
10,000 cni coaxial Ge array, 200-day observation. 






